A high-resolution spectrum obtained with the UVES instrument at the ESO VLT is used to determine atmospheric parameters and chemical composition of the roAp star HD 213637. Resolved Zeeman split lines are discovered in the spectrum of this star, indicating a mean field modulus of 5.5 kG. Effective temperature, T eff = 6400 K determined from the profiles of the hydrogen Hα and Hβ lines, makes HD 213637 one of the coolest (ro)Ap stars known, suggesting that the class of magnetic chemically peculiar stars extends to lower effective temperatures than previously thought. Furthermore, the low temperature of HD 213637 poses serious challenge to some excitation mechanisms suggested as an explanation of the roAp phenomenon. This peculiar star is also unique in its evolutionary stage: it is either located near the very end of its main sequence life or has already ascended the giant branch. Abundance analysis reveals that HD 213637 is iron-deficient and has abundance pattern typical of the cool pulsating Ap stars. An inconsistency between abundances derived from the weak and strong spectral lines and the lines of different ions provide a clear evidence for prominent vertical abundance stratification of many chemical species, notably Na, Mg, Ca, Fe, Pr, Nd, Tb, and Er.
Introduction
Rapidly oscillating Ap (roAp) stars form a subgroup of cool magnetic chemically peculiar stars that spans an effective temperature range from about 7000 K to 8500 K. The pulsations of roAp stars are non-radial, high overtone, acoustic p-modes with periods from 5 to 20 min and semi-amplitudes typically below 10 mmag in Johnson B (Kurtz & Martinez 2000) . Detailed studies of the pulsations in roAp stars allow inferring the evolutionary status and internal properties of magnetic peculiar stars via the application of the asteroseismological analysis. Since the discovery of the roAp pulsations (Kurtz & Wegner 1979) , the mechanism which is responsible for the excitation of non-radial oscillations and distinguishes between pulsating and, otherwise very similar but apparently constant, cool Ap stars remains a mystery. Systematic determination of the atmospheric parameters and detailed abundance analysis of a large sample of roAp stars can provide important observational constraints for theoretical models aiming at the explanation of the roAp phenomenon. Such work has been carried out since the mid-90s and has yielded information on chemical composition and atmospheric properties of 9 roAp stars and references therein). The present paper extends this analysis to the faint poorly studied roAp star HD 213637, Based on observations obtained at the European Southern Observatory, VLT. e-mail: oleg@astro.uu.se which appears to have extreme characteristics among the objects belonging to the group of pulsating Ap stars. HD 213637 (MM Aqr, BD −20 o 6447) is a V = 9.6 mag star, classified as EuSrCr by Houk & Smith-Moore (1988) . p-mode oscillations were discovered in HD 213637 by Martinez et al. (1998) . They found evidence for the presence of two pulsation modes with amplitudes below 1 mmag and tentatively assigned them to frequencies of 1411 and 1452 µHz. The Strömgren colours of HD 213637 published by Martinez et al. indicate strong metallicity and unusually low effective temperature. According to the SIMBAD database, except for spectral classification (F2), no other spectroscopic abundance or model atmosphere studies of HD 213637 were published. This paper is organized as follows: in Sect. 2 the spectroscopic observations of HD 213637 are described. Stellar atmospheric parameters are derived in Sect. 3, which is followed by the analysis of the rotation and magnetic field in Sect. 4. The results of the study of chemical composition are presented in Sect. 5 and the paper is concluded with the discussion in Sect. 6. and 6812 Å, except for a 60 Å gap centred at 5790 Å. The slit of the spectrograph was set to 0.6 , resulting in a resolving power of λ/∆λ = 67 000. Echelle spectrum was reduced with the standard UVES pipeline software and subsequently normalized to the continuum using iterative spline fitting in the regions containing metal lines. Low-order polynomials were used for normalization in the neighbourhood of the hydrogen Hα and Hβ lines. The signal-to-noise ratio of the 1-D extracted spectrum of HD 213637 is 250-300. Few examples of this observational material, giving an impression of the quality of the data, are presented in Figs. 1, 3 and 4.
Observations

Effective temperature and surface gravity
The starting values of the model atmosphere parameters of HD 213637 were derived from the Strömgren indices reported by Martinez et al. (1998) (V = 9.611, b − y = 0.298, m 1 = 0.206, c 1 = 0.411 and β = 2.670) and using software package TEMPLOGG (Rogers 1995) . The Strömgren photometry yields T eff = 6687 K, log g = 4.60 and [M/H] = +0.57. Effective temperature was subsequently refined by fitting the hydrogen Hα and Hβ lines, which gave T eff = 6400± 100 K. Modelling of Balmer lines was based on Kurucz (1993) ATLAS9 model atmosphere code and modern formulation of the hydrogen line broadening theory summarized by Barklem et al. (2000) and implemented in the SYNTH code (Piskunov 1992) . The fit to the Balmer line profiles is illustrated in Fig. 1 .
Photometry and high-resolution spectra indicate enhanced line blanketing in HD 213637, but it turns out that light and iron-peak elements are not overabundant relative to the solar chemical composition and iron itself is probably underabundant by roughly a factor of 10 (see Sect. 5). Increased line blanketing comes primarily from the strong lines of rare-earth elements (REE). To account for this unusual chemical composition I calculated model atmospheres using Kurucz's opacity distribution functions corresponding to the metallicity of +0.5, but at the same time adopting the solar abundance table in order to avoid an increase in electron number density, which should not occur in the atmosphere of HD 213637 since primary donors of electrons are not overabundant. (Similar approach of accounting for an unusually high line blanketing was thoroughly tested by Cowley et al. (2000) in the spectroscopic analysis of Przybylski's star.) In addition, the opacity distribution function with microturbulent velocity of 4 km s −1 was employed in calculations with ATLAS9 in order to simulate the line strengthening produced by the strong field of HD 213637 via the magnetic intensification mechanism. The surface gravity indicated by the Strömgren photometry, log g = 4.6, is clearly too high for even a ZAMS star of 1.5-2.0 M . Instead, ionization equilibrium of Fe  and Fe  was used to estimate log g. This approach gave rather uncertain value of log g = 3.6 ± 0.2. This large error comes from the fact that iron is clearly stratified in the atmosphere of HD 213637 (see Sect. 5.2) and it may not be justified to expect a priori the same abundance from lines of the two iron ions. The estimate of surface gravity could be improved by taking into account the vertical stratification of iron derived from, say, Fe  and Fe  lines.
The abundance analysis of HD 213637 presented in Sect. 5 was carried out with T eff = 6400 K and log g = 3.6. I note that, despite high uncertainty of log g, the value of effective temperature derived from the Balmer lines is fairly robust. In particular, the change of log g from 3.6 to 4.6 or/and variation of metallicity within 0.5 dex results in no more than 100 K change of T eff derived from Hα.
The atmospheric parameters of HD 213637 are compared with the theoretical evolutionary tracks of Schaller et al. (1992) in Fig. 2 . One can conclude that HD 213637 has a mass of 1.7 ± 0.2 M and is located very near the end of the core hydrogen burning phase or has already left the main sequence. An independent estimate of the luminosity of HD 213637 would be very helpful in refining its evolutionary state. Unfortunately accurate parallax of HD 213637 was not determined within the Hipparcos project. However, high-speed photometry by Martinez et al. (1998) hinted that several non-radial modes are excited in HD 213637, opening interesting prospects for asteroseismology. The frequency separation of ∆ν = 41.46 ± 0.13 µHz derived by Martinez et al. is subject to severe aliasing problems, but taking it at face value and combining with T eff estimated from the hydrogen lines, one can obtain asteroseismological luminosity L = 10.8 ± 2.1 L . This estimate is based on the relations given in Matthews et al. (1999) , adopted stellar mass of 2.0 ± 0.5 M and an assumption that observed frequency spacing is due to consecutive overtones of modes with odd or even . Tentative asteroseismological luminosity of HD 213637 can be reconciled with the theoretical evolutionary calculations and the effective temperature derived in this study if the stellar mass is 1.6 ± 0.1 M and surface gravity is 3.8 ± 0.1.
Magnetic field and rotation
The surface magnetic field is clearly strong in HD 213637. The splitting of the Fe  6149.26 Å indicates a mean field modulus of B s = 5.5 ± 0.1 kG (Fig. 3 ). This value is confirmed by the detailed spectrum synthesis of other Fe  and Fe  spectral lines with large Landé factors. Thanks to slow rotation and strong magnetic field, HD 213637 belongs to the rare class of Ap stars with resolved Zeeman split spectral lines (Mathys et al. 1997) and, in fact, appears to have the second strongest mean field modulus among roAp stars. The surface field of 5.5 kG strongly affects profiles and strengths of spectral features, so that the field cannot be neglected in abundance analysis. A single unpolarized spectrum of HD 213637 does not allow to infer detailed geometry of the magnetic field. Therefore, abundance analysis presented in Sect. 5 was based on the spectrum synthesis with the SYNTHMAG code (Piskunov 1999) , which explicitly takes into account effects of polarized radiative transfer, but assumes simplified magnetic geometry, rotationally symmetric with respect to the line-of-sight. Gelbmann et al. (2000) showed that such an approach is adequate for abundance analyses of slowly rotating, strongly magnetic Ap stars.
Several Fe  spectral lines with low magnetic sensitivity were utilized to derive projected rotational velocity of HD 213637. Figure 4 shows the fit to two such lines, Fe  5434.52 and 5576.09 Å, suggesting v e sin i = 3.5 ± 0.5 km s −1 . With this value of rotational Doppler broadening the period of stellar rotation should be no longer than about 25 days, making HD 213637 an excellent candidate for the monitoring of the variations of longitudinal field, field modulus and other magnetic observables through the rotation cycle.
In addition to the magnetic and rotational broadening, many strong lines in the spectrum of HD 213637 have unusually wide wings. For some elements (Ca, Fe) this line shape may be produced by the vertical abundance profile with a region of low abundance overlaying part of the atmosphere with strong overabundance of metals. This picture cannot explain extended wings of doubly ionized rare-earth lines, which are probably formed in a cloud of heavy elements located very high in the stellar atmosphere . Additional broadening of some Pr  and Nd  lines indicate macroturbulent velocities in the range of 5-8 km s −1 (see Fig. 5 ) and may be related to the dramatic increase of the amplitude of non-radial oscillations towards the upper layers of roAp atmospheres (Kochukhov & Ryabchikova 2001) or reflect a strong depth dependence of the convective motions in early F-type stars (Landstreet 1998) .
Element abundances
Abundance analysis of HD 213637 was made by matching the observed line profiles and synthetic spectra. Calculations of theoretical spectra were performed with the SYNTHMAG code and using atmospheric parameters, projected rotational velocity and magnetic field strength determined in Sects. 3 and 4. In addition, in all calculations zero microturbulent velocity was assumed. In situations when a standard set of broadening parameters (v e sin i and B s ) gave poor description of the observed spectral lines, equivalent widths rather than line profile shapes were fitted.
The Vienna Atomic Line Database (VALD, Kupka et al. 1999; Ryabchikova et al. 1999 ) was used as a primary source of oscillator strengths and other spectral line parameters. For the rare-earth elements VALD line lists were complemented with the information from other sources as explained below.
The summary of the element abundances of HD 213637 is presented in Table 1 . For each ion I give an average abundance, its formal error, derived from the scatter of individual abundances, and number of lines measured. For comparison abundances of another cool roAp star HD 122970 as well as recent compilation of the solar photospheric abundances (Grevesse et al. 1996) are listed.
Light elements
The lithium abundance was derived from the resonance doublet at λ 6708 Å. This line is badly blended in the spectrum of HD 213637 and large overabundance of Li listed in Table 1 is likely to be an upper limit of the actual abundance. Nevertheless, it is clear that HD 213637 belongs to the group of cool Ap stars showing significant absorption at the position where Li  doublet is expected (Polosukhina et al. 1999 ).
C, Al, Si, and S are all somewhat underabundant relative to the solar chemical composition, which is typical of roAp stars.
The abundance of sodium, derived from the weak neutral lines (λ 5682 and 5688 Å), suggests deficiency of roughly 0.7 dex. At the same time, resonance Na D lines give larger underabundance of 1.3 dex. Very similar picture emerges from the analysis of the weak and strong lines of Mg . The well-known triplet of this element (λ 5167, 5172, and 5183 Å) gives an order of magnitude lower abundance than derived from the medium-strength Mg  line at λ 5711.1 Å. This discrepancy between abundances derived from the weak and strong lines of Na  and Mg  cannot be attributed to uncertain oscillator strengths or non-LTE effects (according to Mashonkina et al. (1993 Mashonkina et al. ( , 1996 NLTE corrections for these ions are expected to be below 0.1-0.15 dex for main sequence stars). The Na and Mg anomaly may be attributed to an inhomogeneous vertical distribution of these elements. A vertical stratification profile, in which concentration of Na and Mg rapidly increases with depth, can qualitatively account for the observed line strengths and shapes of the Na  and Mg  lines. It is worth mentioning that other roAp stars with weak surface magnetic field do not show Na and Mg anomaly, as abundances obtained from the weak and resonance lines agree well and vertical abundance stratification of these elements is insignificant. At the same time, abundance analysis of the very peculiar roAp star HD 166473 with a 8.6 kG magnetic field (Gelbmann et al. 2000) revealed exactly the same Na and Mg anomaly that exists in HD 213637. Thus, the present study lends strong support to the hypothesis of Ryabchikova et al. (2000) that prominent vertical stratification of Na and Mg is closely related to the presence of strong magnetic fields.
Calcium provides another example of a significant abundance stratification in the atmosphere of HD 213637. On average, the neutral lines of Ca indicate deficiency of about 0.5 dex relative to the solar photospheric chemical composition. Thus, HD 213637 appears to be more deficient in Ca than hotter roAp stars and is comparable in this respect to Przybylski's star, which exhibits even stronger calcium underabundance (Cowley et al. 2000) . When analysed separately, the weak and strong lines of Ca  give abundance different by 0.4 dex. In addition, many strong Ca  lines show extended wings, which cannot be fitted with the adopted atmospheric parameters and an homogeneous calcium abundance. Anomalous strengths and shapes of Ca  lines point to a vertical stratification profile similar to that of Na and Mg: Ca abundance increases strongly towards the deeper atmospheric layers. Babel (1994) and Ryabchikova et al. (2002) demonstrated that this vertical distribution of Ca is characteristic of the atmospheres of cool Ap stars.
Iron-peak elements
Abundances of all iron-peak elements in the atmosphere of HD 213637 are either close to solar (Ti, V, Cr, Mn, Co) or significantly below solar concentration (Fe, Ni). The iron and nickel deficiency in HD 213637 is similar to the abundances of these elements in the two other cool roAp stars: HD 101065 (Cowley et al. 2000) and HD 217522 (Gelbmann 1998 ). Thus, it seems rather well-established that iron underabundance is a common feature of the chemical composition of the atmospheres of all roAp stars with T eff substantially below 7000 K.
Chromium is not dramatically enhanced in the atmosphere of HD 213637 and may be even underabundant by ≈0.2 dex relative to the solar chemical composition. Therefore, the original spectral classification of HD 213637 as a Cr-peculiar star (Houk & Smith-Moore 1988) appears to be unjustified.
The close to solar abundance of Co is a somewhat surprising property of HD 213637. In all previous abundance analyses of roAp stars cobalt was found to be overabundant by an order of magnitude or more (typically log (Co/N tot ) > −6.0) and it was suggested that the prominent overabundance of this element is characteristic of all roAp stars (e.g. Gelbmann et al. 2000) . Results of the present abundance analysis of HD 213637 do not support this point of view.
The Fe  lines in the spectrum of HD 213637 display numerous signatures of an inhomogeneous vertical abundance distribution of iron, similar to the stratification profiles of Na, Mg and Ca discussed in Sect. 5.1. In particular, the average abundance of Fe , derived from the weak lines, is higher by almost 0.4 dex in comparison with the iron concentration inferred from the equivalent widths of the strong lines. In addition, many strong low-excitation lines exhibit extended wings which are impossible to fit simultaneously with the shallow cores under the assumption of an homogeneous vertical abundance distribution. These numerous pieces of evidence point to the increase of iron abundance towards the deeper atmospheric layers, very similar to the iron vertical stratification discovered by Ryabchikova et al. (2002) in the atmosphere of γ Equ. (Grevesse et al. 1996) and element abundances of another cool roAp star HD 122970 is marginal evidence for an increase of Ba abundance in the deeper atmospheric layers, as the strong Ba  lines have wider wings than predicted by the spectrum synthesis with an homogeneous abundance (see Fig. 3 for the example of such a discrepancy between the observed and computed profiles of the Ba  6141.7 Å line).
Sr, Y, Zr, and Ba
Rare-earth elements
In the analysis of REE lines in the spectrum of HD 213637 the VALD line lists were supplemented by the information from the DREAM database 1 (Biémont et al. 1999 with the astrophysical oscillator strengths taken from the study of Dolk et al. (2002) . Theoretical Landé factors of the energy levels of Er  were kindly made available by P. Quinet (private communication). In general, abundances of all REE (based on first ions) in the atmosphere of HD 213637 agree well with the rare-earth abundance pattern found for other roAp stars (e.g. Ryabchikova et al. 2000) . Also, similar to the results of the previous studies, analysis of the spectrum of HD 213637 revealed striking discrepancy between abundances obtained from the first and second ions of several rare-earth elements. In particular, the Pr , Nd , and Dy  lines indicate ≈1.5 dex higher abundance than determined from lines of the first ions, while for Tb  and Er  this difference reaches 2.0 dex! Ryabchikova et al. (2001) demonstrated that for Pr and Nd the REE anomaly can not be explained by systematic errors of the oscillator strengths and is observed exclusively in the pulsating Ap stars. In the study of Ryabchikova et al. (2002) it was proposed that anomalously strong doubly ionized REE lines observed in the spectrum of the roAp star γ Equ can be explained by the presence of an overabundant layer of rareearth elements in the upper atmosphere. This vertical stratification scenario has indeed provided satisfactory agreement between observed and computed strengths of the Pr and Nd lines in γ Equ. Furthermore, pulsational radial velocity studies of roAp stars (Kochukhov & Ryabchikova 2001; Balona 2002) demonstrated that doubly ionized REE lines dominate pulsational spectroscopic variability and show pulsational amplitudes which by orders of magnitude exceed those observed for other metal lines, but at the same time comparable to the pulsations seen in the Hα core. This confirms that the lines of second REE ions form in the upper atmospheric layers where non-radial pulsations attain high amplitudes.
Thus it seems plausible to suggest that the REE anomaly observed in HD 213637 can also be attributed to a vertical stratification of the abundances of Pr, Nd, Tb, Dy, and Er. All these elements are expected to be concentrated in the upper atmosphere, above optical depth log τ 5000 ≈ −8.
Discussion
The temperature derived for HD 213637 in this study is one of the lowest T eff determinations in a modern spectrum synthesis analysis of a magnetic chemically peculiar star. In fact, only Przybylski's star (HD 101065) was suggested to be even cooler (T eff = 6300 K, Kochukhov et al. 2002) . However, analysis of this extreme object is very difficult and uncertain due to the prominent influence of anomalous line blanketing on the model atmosphere structure (Piskunov & Kupka 2001) . In contrast, HD 213637 has a relatively moderate enhancement of the heavy elements and a straightforward fit to the Balmer lines using standard model atmospheres is probably sufficient to determine T eff with an accuracy of ≈100 K. The temperature of HD 213637 suggests that the cool border of the region in the HR diagram occupied by magnetic peculiar stars lies at about 500 K lower temperature than commonly assumed. Furthermore, clear evidence for the presence of strong vertical abundance gradients in the stellar atmosphere indicates that magnetic field fully inhibits convective and turbulent mixing in the outer stellar envelope. Elucidating evolutionary stage of HD 213637 is crucial in understanding whether its characteristics (low temperature, strong magnetic field, and strong abundance gradients) belong to a low-mass star which is still on the main sequence or to a more massive, typical cool Ap star already evolving towards the giant phase.
Abundance analyses of the cool roAp stars revealed many new intriguing characteristics, which challenge some of the properties, commonly attributed to magnetic Ap stars. For example, it was widely believed that chemical diffusion always produces overabundance of iron-peak elements in the magnetic chemically peculiar stars. However, recent self-consistent diffusion calculations by F. LeBlanc and co-workers (e.g. Ryabchikova et al. 2003) illustrate that in the cool Ap stars high concentration of iron-peak elements occurs only in deep atmospheric layers, but it is plausible to expect sharp decrease of Fe abundance above optical depth log τ 5000 ≈ −1. As a result, depth-averaged iron abundance is only marginally enhanced in Ap stars with T eff ≤ 8000. This is corroborated by observations, as in hotter roAp stars iron abundance appears close to solar, while Fe is underabundant by up to one order of magnitude in all Ap stars with effective temperatures substantially below 7000 K. HD 213637 fits well in this picture and confirms the existence of a general correlation between metallicity and T eff (Gelbmann 1998) . This is illustrated in Fig. 6 , which combines information on effective temperatures and iron abundances of all roAp stars analysed until now (Gelbmann 1998; Ryabchikova et al. 2000 and references therein; this study). Clear correlation between T eff and log (Fe/N tot ) may be related to a systematic change of the optical depth of the Fe abundance jump with effective temperature.
Another interesting observation is the absence of cool nonpulsating Ap (noAp) stars: apparently there are no main sequence noAp stars with T eff < ∼ 7500 K. It would be interesting to clarify whether this effect is produced by some unrecognized observational bias together with the scarcity of modern spectroscopic studies of cool noAp stars, or the onset of pulsations is physically related to low T eff .
Since HD 213637 lies at the border of the class of pulsating Ap stars, it is interesting to compare its atmospheric parameters with the theoretical predictions for the red edge of the roAp instability strip. The mechanism exciting pulsations in roAp stars remains highly uncertain and several competing hypotheses were put forward to explain its origin. In this situation atmospheric analysis of the extreme members of the roAp group offers unique possibility to select theoretical models consistent with observations. First, it should be noted that, although in the past roAp stars were commonly believed to share the same instability strip as δ Scuti stars, recent spectroscopic studies revealed many roAp stars to lie beyond the cooler edge of the empirically determined δ Scuti instability strip (which, according to Rodriguez et al. (1994) , is located at about T eff = 7100 K for the main sequence stars). HD 213637 provides the most clear example of this discrepancy. Thus it seems unlikely that magnetic pulsating stars are excited by the same He  ionization instability mechanism that works in δ Scuti pulsators. A similar conclusion was reached by Matthews et al. (1999) from the analysis of asteroseismic and Hipparcos luminosities of roAp stars. Spectroscopic temperatures of some magnetic peculiar stars also tend to rule out the Si  ionization mechanism (Matthews 1988) , which predicts a boundary of the roAp instability strip only about 300 K cooler that the He  strip. Gautschy et al. (1998) showed that the κ mechanism of H/He ionization successfully drives short-period oscillation modes in roAp stars, provided that stellar models have a temperature inversion in the inner atmosphere. The location and form of this temperature anomaly is qualitatively similar to the hot atmospheric layer found by Kochukhov et al. (2002) from the semi-empirical analysis of the hydrogen lines in some cool Ap stars. The model of Gautschy et al. well accounts for the excitation of acoustic p-modes in cooler roAp stars, but predicts the blue edge of the roAp instability strip at about T eff = 7250 K. This is too cool to account for the majority of roAp stars with effective temperatures in the range between roughly 7500 and 8000 K.
The latest attempt to understand the roAp excitation mechanism was made by Balmforth et al. (2001) . They suggested that near the magnetic poles of roAp stars convection is totally suppressed by the magnetic forces and stellar atmosphere is chemically differentiated, whereas near the equator of dipolar magnetic field convective motions are not inhibited and atmosphere is chemically homogeneous. The excitation of non-radial pulsation modes occurs in this composite model due to the κ mechanism operating in the hydrogen ionization zone in the polar regions. Cunha (2002) carried out detailed investigation of the theoretical instability strip predicted by the model of Balmforth et al. (2001) . She found that the coolest roAp stars, in which high-order acoustic oscillations are excited, correspond to the most evolved stellar models with effective temperatures no less than ≈7150 K. Thus, predictions of the excitation mechanism of Balmforth et al. (2001) are clearly contradicted by the observations of non-radial pulsations in HD 213637 and other roAp stars with T eff ≤ 7000 K.
